ABSTRACT: Sixty-three crossbred barrows averaging 18.7 kg initial BW were used in a 6-wk study of the effects of soaking on the efficacy of supplemental microbial phytase (Natuphos ® , BASF) in a low-P corn-soybean meal diet. The basal corn-soybean meal diet contained .06% available P, .32% total P, and .55% Ca with no added inorganic P. The basal diet was supplemented with 0, 250, or 500 phytase units (PU)/kg of diet. The diet was fed dry or soaked ( 2 parts water:1 part diet and mixed for 2 h at 30°C before feeding) in a 3 × 2 factorial arrangement. A positive control diet was supplemented with inorganic P and provided .23% available P, .48% total P, and .60% Ca. Pigs were individually penned and fed their respective diets to appetite in four equal meals daily.
Introduction
Phytase preparations derived from Aspergillus ficuum or A. niger are effective in increasing the availability of phytate-P in diets for pigs (Nä si, 1990; Simons et al., 1990; Cromwell et al., 1993 Cromwell et al., , 1995 Lei et al., 1993a; Adeola, 1995) . However, the concentration of phytase required in a low-P swine diet depends on the evaluation criteria. For example, Cromwell et al. (1993) found that supplementation of a low-P cornsoybean meal diet with 500 phytase units (PU)/kg was adequate to maintain growth performance of growing-finishing pigs, whereas bone breaking strength was further increased with 1,000 PU/kg. The phytase supplementation required to replace 1 g of inorganic P/kg in a corn-soybean meal diet fed to pigs has ranged from 519 to 1,176 PU/kg (Beers and Jongbloed, 1992; Lei et al., 1993b; Cromwell et al., 1995) . Nutritional strategies that enhance the efficacy of phytase will reduce the concentration of phytase required in the diet.
Soaking increased the efficacy of supplemental phytase in a complex diet (Kemme and Jongbloed, 1993) , whereas soaking a barley-soybean meal diet was not effective (Nä si and Helander, 1994) . No information is available on the effects of soaking a low-P corn-soybean meal diet supplemented with microbial phytase on pig performance and P utilization. The purpose of this experiment was to evaluate the effect of soaking on the efficacy of phytase in a low-P corn-soybean meal diet without added inorganic P for growing pigs.
Materials and Methods
A 42-d experiment was conducted with 63 crossbred barrows (initial BW and age were 18.7 kg and 7 wk, respectively) to evaluate the efficacy of microbial phytase and soaking to increase the bioavailability of P in a basal corn-soybean meal diet fed in meal form with no added inorganic P. Barrows were allotted to treatment by litter and weight and housed individually in elevated pens (.80 m × 1.2 m ) that contained a feeder and a nipple waterer. Temperature was maintained at 25 ± 1°C with thermostatically controlled heaters. This study was approved by the University of Missouri Animal Care and Use Committee. Before diet formulation, stocks of the corn, soybean meal, mono-dicalcium phosphate, and ground limestone used in the diets were sampled, digested with a wet ash procedure (AOAC, 1990) , and analyzed in triplicate for Ca concentration by atomic absorption spectrophotometry (SpectrAA-30, Varian Analytical Instr., San Fernando, CA) and P concentration with a colorimetric method (Anthos Reader 2001, Anthos Labtec Instr., Salzburg, Austria). Corn and soybean meal were analyzed for proximate analysis components (AOAC, 1990) . Based on the ingredient analyses, the basal low-P diet (Table 1 ) contained .32% total P, .55% Ca, and 15.49% CP. Available P was calculated to be .06% (NRC, 1988) . All other nutrients met or exceeded (NRC, 1988) requirements. A microbial phytase from Aspergillus niger (Natuphos ® , BASF, Mount Olive, NJ) was added to the basal diet at 0, 250, or 500 PU/kg of diet and fed dry or soaked in a 3 × 2 factorial arrangement. A positive control ( PC) diet (Table 1 ) contained inorganic P to meet NRC (1988) requirements, making a total of seven treatments ( n = 9/treatment). The PC diet provided .48% total P and .60% Ca based on analysis of the diet ingredients, and .23% available P on a calculated basis. One PU is defined as the amount of enzyme that liberates 1 mmol of inorganic P per min from 5.1 mM sodium phytate at 37°C and pH 5.5 (Engelen et al., 1994) . Triplicate analyses of the phytase supplement and subsamples of the diets after mixing found the phytase activities to be within 5% of the calculated values.
Soaking consisted of mixing one part feed with two parts of tap water continuously for 2 h at 30 ± 1°C immediately before feeding. Pigs were individually penned and fed their respective diets in four equal meals daily at 0800, 1200, 1600, and 2000. The amount of dry or soaked diet fed daily was adjusted twice weekly based on appetite. Chromic oxide was added to the diets at .05% as an indigestible indicator for determination of apparent digestibilities of P and Ca (Jagger et al., 1992) .
Pig weights and feed intakes were determined weekly. Blood samples were collected from all pigs by vena cava puncture approximately 3 to 4 h after the 1200 feeding on d 0, 21, and 42 of the experiment. Samples were stored on ice and centrifuged before serum separation into two vials. One vial was stabilized with 10 mL of a 2.1 M citric acid solution per milliliter of serum and refrigerated at 4°C before analysis for serum total acid phosphatase activity (EC 3.1.3.2; Sigma, 1989 ) within 8 h after collection. Another sealed vial was frozen at −20°C and analyzed for alkaline phosphatase activity (EC 3.1.3.1; Sigma, 1989) , and Ca and P concentrations within 8 d with the methods previously described for corn and soybean meal.
Fresh fecal grab samples (about 30 to 35 g ) were collected twice daily from individual pigs on d 39 to 42 of the experiment and frozen in plastic bags. Before analysis, the fecal samples were thawed, dried at 55°C for 48 h, mixed, and ground through a 1.0-mm screen. Duplicate samples of feces were digested and analyzed for P and Ca concentration as described for the corn and soybean meal. Duplicate diet and fecal samples were also analyzed for Cr with atomic absorption spectrophotometry (Gehrke et al., 1950) .
Data were analyzed as a randomized complete block design ANOVA (Snedecor and Cochran, 1989) using SAS (1989) . There were three weight blocks with three pigs/treatment in each block. Treatments were arranged as a 3 (0, 250, or 500 PU/kg) × 2 (dry or soaked) factorial with a positive control. Treatments were partitioned into single degree of freedom contrasts for soaking, phytase linear, phytase quadratic, soaking × phytase linear, and soaking × phytase Table 2 . Effect of phytase supplementation and soaking on growth performance of growing pigs a a Nine replications of one pig per pen. Average initial and final BW ( ± SEM) were 18.7 ± .1 and 48.5 ± 1.0 kg, respectively. There were no soaking × phytase linear or soaking × phytase quadratic interactions ( P > .1 to .6).
b Linear effect of phytase ( P < .01). c Soaking effect ( P < .01). PC vs 0 PU/kg with soaking or dry feeding, and PC vs 250 PU/kg with dry feeding ( P < .01). Trend for 0 PU/kg with soaking to be higher ( P < .08) than 0 PU/kg fed dry. Linear effect of phytase ( P < .01); PC vs all low-P diets ( P < .01). c Soaking × phytase quadratic interaction ( P < .01). Phytase linear ( P < .001) and phytase quadratic ( P < .03) effects. d Soaking effect ( P < .07); PC vs all low-P diets ( P < .01). e Linear effect of phytase ( P < .03). f Soaking effect ( P < .01); PC vs all low-P diets ( P < .001). g Soaking effect ( P < .01). h PC vs the three low-P diets with soaking and the 500 PU/kg diet with dry feeding ( P < .05). i Linear effect of phytase ( P < .08). PC vs 500 PU/kg with soaking ( P < .03). quadratic. The positive control was contrasted with each soaking × phytase level treatment using one degree of freedom contrasts. The mean square for block × treatment (12 df) was the error term for testing treatments and the single degree of freedom contrasts.
Results
There were no soaking × phytase linear or soaking × phytase quadratic interactions ( P > .1 to .6) for growth performance criteria (Table 2) . Microbial phytase supplementation of the low-P diet increased ( P < .01) daily feed intake, daily gain, and gain:feed ( G/F) ratio linearly with increasing levels of microbial phytase during the 6-wk experiment. Soaking the low-P diets also increased ( P < .01) daily gain and G/F ratio but did not affect daily feed intake ( P > .6). Pigs fed the low-P diet containing 250 PU/kg with soaking had daily gains and G/F ratios similar ( P > .6) to those of pigs fed the PC diet, whereas pigs fed the 250 PU/kg diet with dry feeding had lower ( P < .01) daily gains and G/F ratios than pigs fed the PC diet. There was a trend for pigs fed the 0 PU/kg diet with soaking to have higher ( P < .08) daily gains and G/F ratios than pigs fed the 0 PU/kg diet dry.
There were soaking × phytase quadratic interactions ( P < .01) for apparent P absorption criteria (grams/day and percentage), but not for apparent fecal P excretion in grams/day ( P > .3; Table 3 ). These interactions occurred because the apparent P absorption criteria for pigs fed the low-P diet containing 250 PU/kg with soaking were similar ( P > .1 to .9) to those for pigs fed the 500 PU/kg diet with soaking or dry feeding and higher ( P < .01) than those for pigs fed 250 PU/kg with dry feeding. Apparent P absorption criteria were increased linearly ( P < .001) and quadratically ( P < .03) with increasing concentration of phytase (Table 3) . However, the grams of P Table 4 . Effect of dietary phytase and soaking on serum concentrations of inorganic P and Ca and serum activities of acid and alkaline phosphatases a a Blood samples were taken from individual pigs at d 0, 21, and 42. Serum means ± SEM on d 0 of the experiment for inorganic P and Ca (mg/dL), total acid phosphatase activity, and alkaline phosphatase activity (units/dL) were 8.2 ± .7, 13.0 ± .4, 45.4 ± 6.7, and 581.6 ± 40.9, respectively. One unit was defined as the amount of enzyme activity required to liberate 1 mmol of p-nitrophenol/h at 37°C.
b Linear effect of phytase ( P < .01). c Soaking × phytase linear interaction ( P < .02); PC vs low-P diets with dry feeding or soaking ( P < .02), except 500 PU/kg with soaking ( P > .05).
d Quadratic effect of phytase ( P < .05). e Linear effect of phytase ( P < .03). absorbed per day were higher ( P < .01) for pigs fed the PC diet than for all other low-P dietary treatments with or without phytase supplementation. Soaking also increased ( P < .01) the apparent percentage of P absorption, with a trend for an increase ( P < .07) in the grams of P absorbed/day. Phytase supplementation linearly reduced ( P < .03) apparent fecal P excretion in grams/day. Soaking also reduced ( P < .01) apparent fecal P excretion (grams/day). Pigs fed the PC diet had a higher fecal P excretion ( P < .001) in grams/day than all the low-P treatments with or without phytase supplementation.
Supplemental phytase linearly increased the grams of Ca absorbed per day ( P < .03) and the percentage of Ca absorbed ( P < .08). Pigs fed the low-P diet containing 500 PU/kg with soaking had a higher ( P < .03) percentage of absorbed Ca than pigs fed the PC diet. Pigs fed the PC diet excreted more Ca (grams/ day) than the three low-P treatments with soaking and the 500 PU/kg treatment with dry feeding ( P < .05).
Phytase supplementation linearly increased serum inorganic P concentration ( P < .01) and total acid phosphatase activity ( P < .03) on d 21 and 42 (Table  4) . On d 21, there was a soaking × phytase linear interaction ( P < .02) for serum inorganic P because of the higher serum inorganic P concentrations in pigs fed the phytase-supplemented diets with soaking. Pigs fed the PC diet had higher ( P < .02) serum inorganic P concentrations on d 21 compared with other treatments except ( P > .05) for pigs fed 500 PU/kg with soaking.
On d 42, there was a quadratic effect ( P < .05) of phytase supplementation on serum inorganic P concentration. The increase in serum inorganic P concentration was similar for 250 and 500 PU/kg. Phytase supplementation linearly decreased ( P < .03) serum alkaline phosphatase activity on d 42 and linearly increased ( P < .03) serum total acid phosphatase activity on d 21 and 42. Phytase or soaking had no effect on serum Ca concentration ( P > .1 to .9).
Discussion
The present experiment indicated that soaking increased the efficacy of phytase in a corn-soybean meal diet without inorganic P. Pigs fed the diets containing 250 PU/kg with soaking or 500 PU/kg with dry feeding had the same growth performance as pigs fed the PC diet containing .17% added inorganic P. The increase in the efficacy of phytase with soaking is also demonstrated by the increase obtained in apparent P absorption with soaking compared with dry feeding at 250 PU/kg. The apparent absorption of P with soaking at 250 PU/kg was similar to 500 PU/kg fed dry. The apparent absorption values of P by growing pigs in the present experiment are similar to those reported by Nä si (1990) for finishing pigs fed a corn-soybean meal diet without inorganic P and supplemented with 0 or 500 PU (Finase ® )/kg.
The data in Table 2 were used to calculate the effect of soaking on the change in the efficiency of phytase (Table 5) . Soaking the corn-soybean meal diets Table 5 . Percentage change in the efficacy of phytase with soaking compared to dry feeding of the same diet a a Percentage change in response criteria with soaking is the numerical value for soaking minus the value for dry feeding divided by the value for dry feeding and multiplied by 100. For example, the 17.4% increase for daily gain at 250 PU/kg was calculated as follows using data from without inorganic P enhanced the efficacy of phytase for daily gain and G/F ratio an average of 14.8% with 250 PU/kg and 2.8% with 500 PU/kg compared with dry feeding with the same phytase concentrations. Soaking increased the efficacy of phytase for apparent P absorption by 47.7% with 250 PU/kg and 5.7% with 500 PU/kg and reduced apparent fecal excretion by 18.3 and 14.1%, respectively. Our positive results with soaking are in agreement with those of Kemme and Jongbloed (1993) , who found that soaking a low-P diet increased the efficacy of Aspergillus niger phytase using P digestibility as the criterion. However, soaking a barley-soybean meal diet supplemented with 1,200 PU/kg without added inorganic P did not increase the efficacy of phytase (Natuphos ® ) using P digestibility by growing pigs as the criterion (Nä si and Helander, 1994) . Because the available P concentration in barley is higher than in corn Cromwell, 1992) , and a high level of phytase supplementation was used in that experiment, the diet may have provided adequate available P for growing pigs without soaking.
In the present experiment, there was a trend for an increase in growth performance when the low-P basal diet without supplemental phytase was fed after soaking for 2 h compared with dry feeding. However, in other experiments with weanling (Kornegay et al., 1981) and growing pigs (Barber et al., 1962) , feeding conventional meal diets with water or soaking for 24 h, respectively, did not improve the growth performance compared with dry feeding.
Supplementation of the low-P corn-soybean meal diet with 500 PU/kg fed dry was adequate for growth performance compared with the PC treatment that provided adequate available P (NRC, 1988) in the present experiment. Cromwell et al. (1993) reported that growth performance of growing-finishing pigs fed a low-P corn-soybean meal diet containing 500 PU (Finase ® )/kg was similar to that of pigs fed a diet containing 1,000 PU/kg, although bone strength was increased with 1,000 PU/kg. Young et al. (1993) also found that 500 PU (Finase ® )/kg increased P availability for young pigs equivalent to that of adding .17% inorganic P based on growth performance and biological criteria. Other experiments conducted by Cromwell et al. (1995) , however, found that 1,000 PU (Natuphos ® ) were required per kilogram in a low-P corn-soybean meal diet to increase growth rate and bone breaking strength to values that approached those of growing-finishing pigs fed an adequate P diet.
Supplementation of the low-P diet in the present experiment with 500 PU/kg, however, was not adequate to bring apparent P absorption/day up to the level of the PC diet that provided adequate available P. These results are in agreement with other experiments in which phytase supplementation of low-P corn-soybean meal diets with 500 PU (Natuphos ® )/kg did not increase apparent P absorption/day equal to that of the PC diets adequate in available P (Cromwell et al., 1995; Veum et al., 1996) . Cromwell et al. (1993) estimated that 1,000 PU (Finase ® )/kg increased the available P in a low-P corn-soybean meal diet to 43%, slightly higher than the 37.5% digestible P obtained with 500 PU/kg in the present experiment.
Fecal P excretion was reduced 48 and 49% by soaking with 250 or 500 PU/kg, respectively, and 37 and 40% with 250 or 500 PU/kg fed dry, respectively, compared with the PC. This agrees with the 54% reduction in fecal P excretion reported by Nä si (1990) when growing-finishing pigs were fed a corn-soybean meal diet (no inorganic P ) with 500 PU/kg. However, Cromwell et al. (1995) reported lower reductions in fecal P excretion of 21 to 31% compared with the adequate-P diet when phytase supplementation of the low-P diets ranged from 250 to 1,000 PU/kg.
The linear increase in Ca absorption with increasing phytase concentration in the present experiment is in agreement with other experiments in which low-P corn-soybean meal diets were fed to growing pigs (Nä si, 1990; Mroz et al., 1994) . Most published experiments using phytase in low-P diets fed to swine have had high Ca:P ratios because Ca supplementation has been provided at or close to the NRC (1988) requirement. For example, the low-P basal cornsoybean meal diets fed during the growing phase in the experiments conducted by Cromwell et al. (1993 Cromwell et al. ( , 1995 had Ca:total P ratios ranging from 1.9 to 2.3:1. The Ca:total P ratio in the present study was 1.7:1. The efficacy of phytase may be increased in a low-P diet by reducing the Ca supplementation below the NRC (1988) requirement to lower the Ca:total P ratio (Lei et al., 1994; Liu et al., 1996; Qian et al., 1996) .
The increase in serum inorganic P concentration and the decrease in serum alkaline phosphatase activity with phytase supplementation in the present study were in agreement with the serum responses to phytase reported by Lei et al. (1993a) and Qian et al. (1996) . An increase in serum P concentration and a decrease in serum alkaline phosphatase activity are indicative of an improvement in metabolic P status (Nielsen et al., 1971; Boyd et al., 1983; Koch et al., 1984) , indicating that available P was increasing with phytase supplementation in the present experiment. The serum Ca and P concentrations in the present experiment are within the range of values reported by Ullrey et al. (1967) for growing pigs. The similar serum P concentrations on d 42 and serum alkaline phosphatase activities on d 21 and 42 for 250 and 500 PU/kg with soaking, 500 PU/kg fed dry, and the positive control treatment correspond with the similar growth performance and P digestibility responses for these treatments in the present study, indicating agreement between the criteria measured.
In conclusion, 250 PU/kg with soaking and 500 PU/ kg fed dry can replace all the inorganic P in a cornsoybean meal diet for growing pigs based on growth performance and serum criteria. However, the phytase treatments failed to restore daily P absorption to the level of the positive control treatment. This suggests that the body reserves of P may be reduced for pigs fed the low-P diet supplemented with phytase compared with pigs fed the positive control diet.
Implications
Based on growth performance and serum criteria, 250 phytase units (Natuphos ® ) with soaking and 500 PU/kg with dry feeding were adequate to completely replace the inorganic phosphorus in a corn-soybean meal diet for growing pigs. Because fecal phosphorus excretion was reduced with phytase supplementation, and further reduced with soaking, environmental phosphorus pollution from swine manure may be reduced.
